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Abstract 

The  structure  and  morphology  of  clean  and  Pd-doped  epitaxial  Sn02  films 
were  studied  with  the  atomic  force  microscope  (AFM).  The  Sn02  films  were  grown 
by  reactive  sputter  deposition  on  three  different  substrates  yielding  epitaxial 
orientations:  (101)  Sn02  /  r-cut  sapphire,  (100)  Sn02  /  basal  sapphire,  and  (110) 
Sn02  /  Ti02  (110).  AFM  imaging  of  monolayer  amounts  of  Pd  deposited  onto  the 
epitaxial  Sn02  films  shows  that  the  Pd  is  dispersed  at  300  K  and  forms  clusters 
after  annealing  to  500  K  in  vacuum. 


Introduction 

Sn02  films  are  widely  used  as  the  active  elements  of  gas  sending  devices. 
These  devices  operate  by  relating  chemisorption  events  to  changes  in  the  electrical 
characteristics  of  the  film.  For  example,  conductivity-based  Sn02  films  have  been 
used  to  detect  reducing  gases  such  as  CO,  H20,  H2  and  CH4  [1],  The  exact 
response  of  these  devices  is  determined  by  the  interplay  between  the  chemical, 
structural  and  electronic  properties  of  the  Sn02  film  [2,3]. 

The  addition  of  monolayer  amounts  of  metal  dopants  onto  the  surface  of  the 
gas  sensing  films  has  been  shown  to  dramatically  enhance  the  film  sensitivity  and 
selectivity  to  a  target  gas.  In  the  case  of  Sn02,  studies  of  this  effect  have  included 
Pd  [4-6],  Pt  [7],  and  Al  [8]  dopants.  While  the  sensing  mechanisms  are  directly 
related  to  changes  in  the  chemical  and  electrical  characteristics  of  the  film  caused 
by  the  metal  additives,  these  characteristics  are  strongly  dependent  on  the 
microstructure  and  topology  of  the  film. 

In  this  paper,  we  focus  on  only  one  aspect  of  Sn02  based  gas  sensors, 
namely  the  surface  microstructure  of  Sn02  films.  Using  the  atomic  force 
microscope,  we  have  followed  the  changes  in  morphology  of  Pd  dopants  on 
epitaxial  Sn02  films  as  a  function  of  annealing  treatments. 


Experimental 

The  epitaxial  Sn02  films  were  fabricated  by  r.f.  react've  sputter  deposition 
using  a  pure  Sn  target  and  equal  pressures  of  argon  and  oxygen.  The  growth  rate 
was  approximately  5  A  /  min  and  the  substrate  temperature  was  500  °C;  other 
details  of  the  growth  process  are  described  elsewhere  [9],  The  Sn02  films  were 
grown  on  three  different  substrates:  Al203  (1012)  or  r-cut  sapphire,  AI2Q3  (0001) 
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or  basai  sapphire,  and  TiO^  (110).  Each  of  these  substrates  was  mechanically 
polished  to  an  "epitaxial  grade"  finish,  cleaned  with  an  aqua  regia  etch  (sapphire) 
or  acetone  /  methanol  rinse  (Ti02),  and  preannealed  in  vacuum  prior  to  film  growth. 
The  Pd  overlayers  were  deposited  on  the  Sn02  films  from  a  thermal  evaporation 
source  and  the  Pd  coverage  was  referenced  to  a  quartz  crystal  oscillator 

Atomic  force  microscope  (AFM)  imaging  was  performed  using  a  commercial 
microscope  which  uses  an  optical  lever  deflection  system  in  air  The  images 
reported  here  were  obtained  using  standard  microfabricated  Si3N4  cantilevers  and 
pyramidal  tips  and  using  a  constant  no-load  feedback  condition. 


Characterization  of  Epitaxial  Sn02  Films 

Atomic  force  microscope  images  of  the  surface  morphology  of  400  A  thick 
Sn02  films  deposited  on  the  three  different  substrates  are  shown  in  Fig.  1 .  X-ray 
diffraction  results  [9]  indicate  that  the  Sn02  films  grow  epitaxially  with  the 
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Fig.  la  Sn02  (101) /Al203  (1012) 
rms  roughness  =  1 .2  A 
(2  pm  x  2  pm  area) 


Fig.  1b  Sn02  (100)  /  Ai203  (0001) 
rms  roughness  =  12.3  A 
(2  pm  x  2  pm  area) 


SnO,  (110)  I  SnO,  (101)  SnO,  (100) 

a=6.70  b=3.!9  j  a=5.72  b=4.75  a=4.75  "  b»3.I9 


TiO,  (110)  ,  AI,Oj  (1 102)  I  Al.Oj  (0001) 

a=6.49  b=2.96  '  a=5.12  b=4.76  I  \=A7* 


orientation  the  Sn02  tetragonal  (rutile)  cell  dictated  by  lattice  matching  with  the 
substrate  unit  mesh  as  shown  in  Fig  Id.  The  AFM  results  indicate  that  the  film 
grown  on  the  r-cut  sapphire  is  superior  to  the  films  grown  on  basal  sapphire  and 
Ti02  substrates  both  in  terms  of  uniformity  and  surface  roughness. 

Atomic  height  steps  were  observed  on  the  clean  r-cut  sapphire  substrate 
with  the  AFM  [10J  and  this  step  structure  remains  visible  even  after  the  growth  of  a 
400  A  thick  Sn02  film  as  shown  by  striations  aligned  along  the  y-direction  in  Fig. 
la.  These  results  indicate  that  the  film  grew  via  a  layer-by-layer  growth  mechanism 
controlled  by  diffusion  to  step  edges  [11}.  Films  on  the  basal  sapphire  and  Ti02 
substrates  grow  epitaxially  but  are  an  order  of  magnitude  rougher  than  on  the  r-cut 
sapphire  and  contain  grains  approximately  150  nm  in  diameter. 


Morphology  of  Pd  Overlayers  on  Sn02  Films 

AFM  studies  were  carried  out  on  the  Sn02  films  following  the  deposition  of 
0.1 ,  1 ,  3  and  8  monolayers  of  Pd.  The  deposition  procedure  was  the  same  for  each 
sample  and  consisted  of  (i)  annealing  the  Sn02  film  at  850  K  for  3  min  in  UHV  (ii) 
dosing  1  Torr  of  02  for  3  min  at  700  K  (iii)  cooling  to  300  K  and  then  pumping  away 
the  02  and  (iv)  dosing  Pd  at  300  K  at  a  rate  of  0.25  monolayers  /  min.  Samples 
were  then  immediately  imaged  by  AFM  or  annealed  at  500  K  for  3  min  in  UHV 
without  exposing  the  Pd  to  air  prior  to  AFM  imaging. 

At  the  two  lowest  Pd  coverages,  AFM  imaging  revealed  small  changes  in 
surface  morphology,  but  it  was  difficult  to  conclusively  differentiate  Pd-derived 
features  from  the  Sn02  morphology,  particularly  on  the  rough  Sn02  /  basal 
sapphire  and  Sn02  /  Ti02  films.  However,  at  the  3  monolayer  and  8  monolayer  Pd 
coverages,  the  Pd  features  are  clearly  visible. 

Figure  2  shows  AFM  images  obtained  from  a  Sn02  (101)  /  r-cut  sapphire 
sample  dosed  with  8  monolayers  of  Pd.  The  morphology  after  Pd  deposition  at  300 
K  is  shown  in  fig  2a.  The  step  structure  visible  on  the  surface  of  the  Sn02  film 


Fig.  2a  Fig.  2b 

8  monolayers  of  Pd  deposited  on  8  monolayers  of  Pd  on  Sn02  /  r-cut 
Sn02  (101)  /  r-cut  sapphire  at  300  K  sapphire  annealed  at  500  Kfor  3  min 
(1.5  pm  x  1.5  pm;  25  A  gray-scale)  (1.5  pm  x  1.5  urn;  25  A  gray-scale) 


is  retained  and  is  decorated  by  dispersed  islands  of  Pd  which  are  approximately  30 
nm  in  diameter.  An  identical  sample  was  prepared,  except  it  was  annealed  at  500K 
for  3  min  in  UHV  following  the  Pd  deposition.  The  resulting  AFM  image  (fig.  2b) 
shows  larger  clusters  of  Pd  which  are  approximately  50  nm  in  diameter.  These 
images  show  direct  evidence  for  ripening  of  the  dispersed  Pd  islands  into  larger 
clusters  with  the  annealing  treatment.  This  result  also  agrees  with  previous  XPS 
and  conductivity  measurements  for  the  Pd  /  Sn02  system  [4], 

One  limitation  of  the  AFM  is  that  the  long  range  tip-surface  force  interactions 
can  lead  to  image  artifacts  that  are  due  to  the  finite  size  and  shape  of  the  tip.  This 
effect  is  important  when  the  size  of  the  features  being  imaged  are  comparable  to 
the  radius  of  curvature  of  the  tip.  In  this  study,  the  shape  and  lateral  size  of  the  Pd 
clusters  is  uncertain  because  of  this  limitation.  However,  the  vertical  resolution  is 
reliable  to  within  1  A.  We  also  observed  that  image  artifacts  could  be  produced  by 
scribing  the  Pd  overlayers  with  the  AFM  tip  at  large  repulsive  loads. 


Conclusions 

The  atomic  force  microscope  was  used  to  characterize  the  surface 
morphology  of  prototypical  Sn02  and  Pd  /  Sn02  gas  sensing  films.  Layer-by-layer 
epitaxial  growth  of  monocrystalline  Sn02  (101)  films  was  achieved  on  r-cut 
sapphire  substrates.  Pd  overlayers  deposited  onto  the  Sn02  films  at  300  K  exhibit 
a  dispersed  morphology  that  evolves  into  clusters  upon  annealing  to  500  K. 
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